To investigate the role of TRAF3IP2 in heart disease, we generated a transgenic mouse model with cardiomyocyte-specific TRAF3IP2 overexpression (TRAF3IP2-Tg). Echocardiography, magnetic resonance imaging, and pressure-volume conductance catheterization revealed impaired cardiac function in 2-month-old male transgenic (Tg) mice as evidenced by decreased ejection fraction, stroke volume, cardiac output, and peak ejection rate. Moreover, the male Tg mice spontaneously developed myocardial hypertrophy (increased heart/body weight ratio, cardiomyocyte cross-sectional area, GATA4 induction, and fetal gene re-expression). Furthermore, TRAF3IP2 overexpression resulted in the activation of IKK/NF-B, JNK/AP-1, c/EBP␤, and p38 MAPK and induction of proinflammatory cytokines, chemokines, and extracellular matrix proteins in the heart. Although myocardial hypertrophy decreased with age, cardiac fibrosis (increased number of myofibroblasts and enhanced expression and deposition of fibrillar collagens) increased progressively. Despite these adverse changes, TRAF3IP2 overexpression did not result in cell death at any time period. Interestingly, despite increased mRNA expression, TRAF3IP2 protein levels and activation of its downstream signaling intermediates remained unchanged in the hearts of female Tg mice. The female Tg mice also failed to develop myocardial hypertrophy. In summary, these results demonstrate that overexpression of TRAF3IP2 in male mice is sufficient to induce myocardial hypertrophy, cardiac fibrosis, and contractile dysfunction.
TRAF3IP2 (TRAF3 interacting protein 2; previously known as CIKS or Act1) is a key intermediate in the normal inflammatory response and the pathogenesis of various autoimmune and inflammatory diseases. Induction of TRAF3IP2 activates IB kinase (IKK)/NF-B, JNK/AP-1, and c/EBP␤ and stimulates the expression of various inflammatory mediators with negative myocardial inotropic effects.
To investigate the role of TRAF3IP2 in heart disease, we generated a transgenic mouse model with cardiomyocyte-specific TRAF3IP2 overexpression (TRAF3IP2-Tg). Echocardiography, magnetic resonance imaging, and pressure-volume conductance catheterization revealed impaired cardiac function in 2-month-old male transgenic (Tg) mice as evidenced by decreased ejection fraction, stroke volume, cardiac output, and peak ejection rate. Moreover, the male Tg mice spontaneously developed myocardial hypertrophy (increased heart/body weight ratio, cardiomyocyte cross-sectional area, GATA4 induction, and fetal gene re-expression). Furthermore, TRAF3IP2 overexpression resulted in the activation of IKK/NF-B, JNK/AP-1, c/EBP␤, and p38 MAPK and induction of proinflammatory cytokines, chemokines, and extracellular matrix proteins in the heart. Although myocardial hypertrophy decreased with age, cardiac fibrosis (increased number of myofibroblasts and enhanced expression and deposition of fibrillar collagens) increased progressively. Despite these adverse changes, TRAF3IP2 overexpression did not result in cell death at any time period. Interestingly, despite increased mRNA expression, TRAF3IP2 protein levels and activation of its downstream signaling intermediates remained unchanged in the hearts of female Tg mice. The female Tg mice also failed to develop myocardial hypertrophy. In summary, these results demonstrate that overexpression of TRAF3IP2 in male mice is sufficient to induce myocardial hypertrophy, cardiac fibrosis, and contractile dysfunction.
Cardiac failure is a multifactorial terminal condition resulting from pathological events that include pressure/volume overload, myocardial ischemia/infarction and cardiomyopathies (1) . A key component in these predisposing events is sustained inflammation, which contributes to the onset and progression of the critical determinants of cardiac failure: myocardial hypertrophy, cardiac fibrosis, and contractile dysfunction (2) (3) (4) . Both nuclear factor B (NF-B) and activator protein 1 (AP-1) 4 pathways have been shown to play critical roles in the development and progression of hypertrophy and fibrosis, with the activation of IB kinase (IKK) and c-Jun N-terminal kinase (JNK) as the key intermediate steps (3) . For example, mice with cardiac-restricted overexpression of constitutively active IKK spontaneously developed reversible inflammatory cardiomyopathy and heart failure (5) . In concordance, overexpression of IB-␣ super-repressor in the heart led to reduced hypertrophic response after angiotensin II/isoproterenol infusion (6) . Furthermore, sustained activation of p50 and p65, the major subunits of NF-B, plays a causal role in the onset and progression of cytokine-and myocardial infarction-induced heart failure (7, 8) , demonstrating a critical role for sustained NF-B activation in pathological cardiac remodeling and development of heart failure.
Contrary to IKK and NF-B signaling, JNK and the components of its downstream target AP-1 (fra1 and JunD) exhibit differential effects in the heart. Although AP-1 is up-regulated during the early stages of the hypertrophic response, FOSL1 (fra-1) gene deletion failed to affect the hypertrophic response to chronic pressure overload or sustained ␤-adrenergic stimulation (9) . In contrast, fra-1 overexpression resulted in premature decompensation. Similarly, transgenic mice with JunD overexpression in a cardiomyocyte-specific manner spontaneously developed ventricular dilation and contractile dysfunction (9) . Notably, fra-1 transgenic mice simultaneously lacking JunD spontaneously developed dilated cardiomyopathy, characterized by increased cardiomyocyte death (9) . These data suggest that chronic AP-1 activation can be either protective or detrimental to the heart. In addition to NF-B and AP-1, the nuclear transcription factor CCAAT/enhancer-binding protein ␤ (c/EBP␤) has been shown to contribute to physiological hypertrophy (10) , indicating that activation of NF-B, AP-1 and c/EBP␤ contribute to development of myocardial hypertrophy and possible transition to failure.
One of the upstream regulators of these classic regulators of inflammation is the cytoplasmic adapter molecule TRAF3 interacting protein 2 (TRAF3IP2; previously known as CIKS or Act1) (11, 12) . Using loss-of-function (knock-out) mouse models, a number of reports have described its causal role in the pathogenesis of various autoimmune and inflammatory diseases (13) (14) (15) (16) (17) . However, no reports are available yet describing the consequences of TRAF3IP2 overexpression in vivo. In an in vitro study, Leonardi et al. (11) have demonstrated that ectopic overexpression of TRAF3IP2 by itself was sufficient to induce NF-B activation through TRAF3IP2/IKK physical association. We previously demonstrated activation of JNK via TRAF3IP2/ IKK␥ interaction (18) , implying that TRAF3IP2 overexpression could result in IKK, JNK, and c/EBP␤ activation in vivo with the subsequent induction of inflammatory mediators, resulting in pathological changes. Therefore, we have generated a gainof-function (transgenic) mouse model that overexpresses TRAF3IP2 in a cardiomyocyte-specific manner (TRAF3IP2-Tg) and investigated the consequences of its overexpression.
Results
Characterization of TRAF3IP2-Tg Mice-We have generated a transgenic mouse model that overexpresses TRAF3IP2 in a cardiomyocyte-specific manner using the ␣-myosin heavy chain (␣-MyHC) promoter (TRAF3IP2-Tg, Fig. 1 ). RT-qPCR revealed markedly increased (ϳ200-fold) TRAF3IP2 mRNA expression in the hearts of male Tg mice as compared with control non-transgenic (NTg) littermates ( Fig. 2A ). Its protein levels were also increased significantly in hearts by 3.48-fold, similar to those seen after angiotensin II infusion in wild type mice (18) (Fig. 2B ). However, its protein levels were not altered in lung, liver, small intestine, and kidneys of the Tg mice ( Fig. 2 , C and D). Increased expression of TRAF3IP2 in the heart was detected specifically in cardiomyocytes ( Fig. 2E ) but not other myocardial constituent cells (fibroblasts, endothelial, and smooth muscle cells), confirming the generation of a Tg mouse that constitutively overexpresses TRAF3IP2 specifically in hearts ( Fig. 2) .
Cardiac-restricted TRAF3IP2 Overexpression Results in IKK/ NF-B, JNK/AP-1, c/EBP␤, and p38 MAPK Activation-Because TRAF3IP2 is an upstream regulator of IKK/NF-B, JNK/AP-1, and c/EBP␤ (11, 12, 19) , we investigated whether TRAF3IP2 overexpression results in their spontaneous activation. The results show that phosphorylated levels of IKK␤ and its downstream target p65, JNK and its downstream target c-Jun, and c/EBP␤ were all increased significantly in hearts of FIGURE 1. Generation of transgenic mice with cardiomyocyte-specific overexpression of TRAF3IP2 (TRAF3IP2-Tg). A, the vector map of ␣-MyHC-mTRAF3IP2. F and R indicate the binding region of forward and reverse PCR primers that detect an overlapping region of 600 bp. B, electrophoresis of a purified Not1-digested fragment of ␣-MyHC-mTRAF3IP2-human growth hormone (hGH) poly(A) (7.8 kbp). C, Southern blot analysis of wild type (WT) and TRAF3IP2-Tg mice. Genomic DNA of WT and Tg mice were digested with EcoRV and KpnI and probed with TRAF3IP2 ORF. The predicted band sizes of TRAF3IP2 WT allele are 13.8 and 14.3 kbp after EcoRV and KpnI digestion, respectively (black arrowheads). Tg mice showed two bands after digestion (red arrowheads), indicating that two copies of the transgene were inserted into the Tg mouse genome. D, genotyping was carried out using genomic DNA isolated from tail snips from male and female Tg and control NTg littermates. * denotes transgene with an amplicon size of ϳ600 bp.
the male Tg compared with control NTg littermates ( Fig. 2F ). In addition, TRAF3IP2 overexpression resulted in the activation of p38 MAPK, a stress-regulated kinase ( Fig. 2F ), indicating that the constitutive overexpression of TRAF3IP2 results in the spontaneous activation of multiple transcription factors and stress-activated kinases that are known to induce inflammation and promote a hypertrophic response. However, the protein levels of TRAF3IP2, phospho-p65, and phospho-p38 MAPK remained unaltered in the hearts of female Tg mice ( Fig. 2G ).
Cardiac-restricted TRAF3IP2 Overexpression Results in Spontaneous Development of Myocardial Hypertrophy and
Contractile Dysfunction-Because activation of NF-B, AP-1, c/EBP␤, and p38 MAPK has been shown to contribute to hypertrophy development (5, 7-10, 20, 21) , we next investigated whether TRAF3IP2 overexpression results in myocardial hypertrophy. At 2 months of age, both Tg and control NTg littermates underwent transthoracic echocardiography. Motion (M)-mode analysis revealed a hypertrophic response only in male Tg mice as evidenced by increased LV wall thickness (22%; 1.220 Ϯ 0.037 versus 0.9983 Ϯ 0.076 mm; p Ͻ 0.02) and decreased LV volume (19%; 17.61 Ϯ 0.994 versus 21.89 Ϯ 2.006 l; p Ͻ 0.02; (Fig. 3A , Table 1 ). Bidimensional (B)-mode analysis confirmed a decrease in chamber volume at both systole and diastole (Fig. 3B ). The male Tg mice also exhibited cardiac dysfunction. The ejection fraction (EF) was decreased by 17% (51.32 Ϯ 2.21 versus 61.64 Ϯ 2.95%; p Ͻ 0.02), and fractional shortening (FS) was decreased by 21% (25.75 Ϯ 1.37% versus 32.78 Ϯ 2.18%; p Ͻ 0.03 ( Fig. 3C ; Table 1 ). However, these changes were not observed in the female Tg mice, which appeared to be normal ( Table 2) .
Supporting the echocardiographic data, cine-MRI revealed significantly thickened LV septal wall (S; mid-ventricular short axis at end-diastole) in the male Tg mice at 2 months of age (ϳ27%; 1.18 Ϯ 0.04 versus 0.928 Ϯ 0.03 mm; p Ͻ 0.002; Fig. 3D ). Furthermore, the EF was decreased by 16.5% (45.50 Ϯ 0.7 versus 54.5 Ϯ 2.6%; p Ͻ 0.02), the stroke volume was decreased by ϳ20% (21.7 Ϯ 0.3 versus 27.0 Ϯ 0.9 l; p Ͻ 0.001), cardiac output was decreased by ϳ24% (8.0 Ϯ 0.02 versus 10.5 Ϯ 0.4 ml/min; p Ͻ 0.002), and peak ejection rate was decreased by ϳ18% (0.49 Ϯ 0.02 versus 0.6 Ϯ 0.03 l/min; p Ͻ 0.03). However, end diastolic volumes were similar in both Tg and control NTg littermates. In addition, the diastolic function, peak filling rate, initial filling rate, and diastolic relaxation time were all similar in both groups ( Table 1) .
The findings from the pressure-volume conductance catheterization confirmed cardiac dysfunction in the male Tg mice as evidenced by decreased EF (10.5%; 56.17 Ϯ 0.83 versus 62.73 Ϯ 1.42%; p Ͻ 0.006), stroke volume (22%; 43.81 Ϯ 2.314 versus Table 1 ). However, end diastolic pressure, end systolic pressure, end diastolic volume, and end systolic volume did not vary between the two groups (Table 1) . Together, these data demonstrate that male Tg mice with constitutive overexpression of TRAF3IP2 in a cardiomyocyte-specific manner spontaneously develop myocardial hypertrophy and contractile dysfunction.
Confirming echocardiographic and cine-MRI data, gross morphology showed increased heart size in the male Tg mice at 2 months of age ( Fig. 4A, upper panel) . Furthermore, the heartto-body-weight ratios (ϳ18%; 5.038 Ϯ 0.09 versus 4.287 Ϯ 0.06 mg/g; p Ͻ 0.001; Fig. 4A , lower panel), cardiomyocyte crosssectional area (wheat germ agglutinin (WGA) staining; 451.1 Ϯ 24.0 versus 303.0 Ϯ 17.45 m 2 ; p Ͻ 0.0005; Fig. 4B ), and expression of fetal genes ANP, BNP, and ␤-MyHC ( Fig. 4C , mRNA, 16-, 9-, and 6-fold, respectively; protein, Fig. 4D ), and GATA4 ( Fig. 4D ) were all increased in the Tg mice. However, the temporal studies showed that the hypertrophic response continued for up to 4 months of age but improved at later time periods ( Fig. 4E) .
In contrast to males, the female Tg mice failed to develop myocardial hypertrophy (heart weight to body weight ratios, 4%; Tg, 4.61 Ϯ 0.04 versus NTg littermates, 4.43 Ϯ 0.19 mg/g, n ϭ 5-7/group). Furthermore, ANP and GATA4 levels remained low, essentially at control levels ( Fig. 4F ), suggesting a gender-dependent effect of TRAF3IP2 in the hypertrophic response.
TRAF3IP2 Overexpression Results in Cardiac Fibrosis-Pathological hypertrophy is associated with a fibrotic response (22) , with remodeling of the extracellular matrix playing a key role in its development and progression. The key structural proteins involved in cardiac fibrosis are collagens type 1␣1 (ColI␣1) and type III␣1 (ColIII␣1). The expression levels of these matrix genes were increased markedly in the hearts of male Tg mice at 2 months of age (mRNA, Fig. 5A ; protein, Fig. 5B ). Furthermore, the mRNA expression of lysyl oxidase (LOX), a key regulator of collagen cross-linking and deposition of insoluble collagens (23) , was also increased in the Tg heart, as was LOX enzyme activity (Fig. 5B ). The mRNA levels of the growth factor CTGF, a positive regulator of collagen expression (24) , were also increased in the Tg hearts ( Fig. 5, A and B) . Together, these data demonstrate that TRAF3IP2 overexpression results in increased expression of the fibrillar collagens (I␣1 and III␣1) and their positive regulator CTGF, and activation of LOX in Tg hearts, changes that might have contributed to cardiac fibrosis.
Supporting the mRNA and protein data, immunofluorescence studies revealed increased deposition and co-localization of ColI␣1 and III␣1 in the Tg heart ( Fig. 5C ). However, unlike myocardial hypertrophy, which improved after 4 months of age ( Fig. 4E ), fibrosis progressed with age, with even higher collagen levels detectable at 8 months of age ( Fig. 5D ).
Activated fibroblasts are the predominant cell type responsible for increased expression and deposition of collagens (25, 26) . Inflammatory and hypertrophic stimuli trigger the differentiation of resident cardiac fibroblasts into a more contractile and synthetic phenotype, called myofibroblasts (25) . To determine whether TRAF3IP2 overexpression increases the number of myofibroblasts in the hypertrophied myocardium, we analyzed various markers of tissue components of the heart. The results show that whereas the expression of CD-31, a surface marker expressed predominantly on endothelial cells (27), remained unchanged ( Fig. 6A ). ␣-SMA, one of the markers of myofibroblasts (25, 28) , was greatly increased in myofibroblasts and vascular smooth muscle cells of Tg hearts (Fig. 6A ). Furthermore, tensin, which is expressed in myofibroblasts (29), was detected only in the Tg hearts ( Fig. 6B ). Paxillin, expressed in both myofibroblasts and vasculature (29) , also increased in the Tg hearts ( Fig. 6C ). Thus, TRAF3IP2 overexpression resulted in an increased number of myofibroblasts in the hypertrophied Tg heart. Supporting these observations, the Quantibody Mouse Cytokine Antibody Array also showed a 2.4-fold increase in the expression of periostin (Table 3) , another marker of myofibroblasts (29) .
TRAF3IP2 Overexpression Results in Enhanced Expression of Proinflammatory Mediators in the Heart-Inflammation is a major risk factor associated with cardiac pathologies, including hypertrophy, fibrosis, dysfunction, and failure (2) (3) (4) . Potent proinflammatory cytokines such as IL-6, IL-17, IL-18, and TNF-␣ mediate both hypertrophic and fibrotic responses in the heart and contribute to contractile dysfunction and heart failure development (30) . The chemokine fractalkine also inhibits cardiomyocyte contractility (31) . In the Tg mouse hearts there was an increase in the expression of IL-6 and IL-18 at both mRNA ( Fig. 7A ) and protein levels (Fig. 7B ). Furthermore, antibody array analysis showed a significant increase in cytokines (IL-6, TWEAK (TNF-related weak inducer of apoptosis), TWEAKR, ␤-FGF, IL-17, TNF-␣, G-CSF and M-CSF), chemokines (fractalkine), and adhesion molecules (E-selectin, P-selectin, ICAM-1 (intercellular adhesion molecule 1), VCAM-1 (vascular cell adhesion molecule-1 )) in Tg mouse hearts (Table  3 ). In addition, MMP-3 and MMP-10 levels were also higher in the Tg mice (Table 3) . Interestingly, although expression levels of the pro-hypertensive mediators angiotensin-converting enzyme (ACE), angiotensin III, and renin-3 were elevated in Tg mice (Table 3) , no significant changes in blood pressure were detected (tail cuff plethysmography; data not shown). Unlike in male Tg mice, the levels of most of these pro-inflammatory, pro-hypertrophic, and pro-fibrotic mediators remained low or unchanged in the hearts of female Tg mice (Table 3) .
Macrophage infiltration is a common feature of cardiac inflammation (32) , and Mac3 serves as a general marker for macrophages. Immunofluorescent studies showed an increased number of Mac3ϩ cells in the Tg hearts ( Fig. 7C ). Of note, macrophages contribute to adverse cardiac remodeling by expressing various pro-inflammatory, pro-hypertrophic, and pro-fibrotic mediators (32) . Together, these results indicate that constitutive overexpression of TRAF3IP2 enhances the expression of various inflammatory mediators and the infiltration of inflammatory cells into the heart, possibly contributing to adverse cardiac remodeling in the male Tg mice.
Discussion
The results of this study show for the first time that cardiacrestricted TRAF3IP2 overexpression (TRAF3IP2-Tg) results in the spontaneous development of myocardial hypertrophy, cardiac fibrosis, and contractile dysfunction. Although hypertrophy resolved with age, fibrosis progressed in the Tg mice. These adverse cardiac changes occurred only in the male Tg mice. Overexpression of TRAF3IP2 did not appear to induce cell death despite progressive fibrosis, and the Tg mice failed to develop heart failure during the 8-month study period (data not shown). These results indicate that persistently elevated TRAF3IP2 levels play a causal role in adverse cardiac remodeling, at least in male mice.
The overexpression of TRAF3IP2 resulted in the activation of IKK/NF-B, JNK/AP-1, c/EBP␤, and p38 MAPK, all of which contribute to the development of myocardial hypertrophy, fibrosis, contractile dysfunction, and heart failure (3, 5, 7-10, 20, 21), suggesting that TRAF3IP2 overexpression may result in adverse cardiac remodeling. In fact, its overexpression resulted in myocardial hypertrophy, which was evident as early as 2 months of age, but this resolved by 6 months of age. In contrast, these mice showed progressive fibrosis, which did not resolve with age. Because cardiac fibrosis leads to diastolic dysfunction and heart failure development (33), we will continue to monitor these Tg mice until moribund.
In addition to activation of multiple transcription factors and p38 MAPK, TRAF3IP2 overexpression also increased the levels of GATA4, a member of the highly conserved zinc finger-containing transcription factors that regulates cardiomyocyte hypertrophy and induction of the fetal gene program (34) . In fact, the Tg mice showed increased levels of ANP, BNP, and ␤-MyHC, all of which are GATA4-responsive genes (34) . Sur- prisingly, in a recent study, GATA4 has been shown to activate NF-B in TRAF3IP2-dependent manner (35) , suggesting that TRAF3IP2 may activate NF-B by multiple pathways, including IKK and GATA4, both of which are increased in the Tg mice.
Adverse/maladaptive cardiac remodeling is an important predictor of heart failure development and is associated with persistently elevated levels of multiple pro-inflammatory cytokines with negative myocardial inotropic effects (30) . In fact, increased levels of IL-6, IL-17, IL-18, and TNF-␣ were detected in the Tg mouse hearts. While significantly affecting myocardial fibrosis, each of these cytokines also exerts pro-hypertrophic effects on cardiomyocytes through activation of intracellular stress-activated kinases, including p38 MAPK. TRAF6, which physically associates with TRAF3IP2 (36), is a well known inducer of p38 MAPK activation (37) and plays a role in the induction of multiple pro-inflammatory mediators known to induce myocardial hypertrophy and cardiac fibrosis. Of note, p38 MAPK is also involved in GATA4 activation in cardiomyocytes (38) . IL-6, a pro-inflammatory and pro-hypertrophic cytokine, promotes fibrosis by stimulating increased deposition of collagens by myofibroblasts, resulting in a stiffened heart with contractile dysfunction (39) . Similarly, the pro-inflammatory cytokine IL-18 induces cardiomyocyte growth in part via a PI3K-Akt-GATA4-dependent signaling (40) . IL-18 also exerts pro-fibrotic and pro-apoptotic effects in cardiac fibroblasts and endothelial cells, respectively (41, 42) . Increased levels of TNF-␣ induce cardiac dysfunction, cardiomyopathy, adverse LV remodeling, apoptosis, and cachexia (43) . In addition to increased levels of IL-6, IL-18, and TNF-␣, TRAF3IP2 overexpression also resulted in increased expression of TWEAK and its receptor, TWEAKR, both of which are known to contribute to the onset of hypertrophy, fibrosis, and dysfunction. In fact, transgenic mice overexpressing soluble TWEAK, specifically in cardiomyocytes, showed increased mortality (44, 45) , suggesting that its sustained induction promotes heart failure development. TWEAK also induces elongation of cardiomyocytes, fibroblast proliferation, colla- gen synthesis, and perivascular fibrosis in the Tg mice overexpressing full-length TWEAK (44) .
In addition to the hypertrophic and fibrotic responses by the classical pro-inflammatory cytokines, IL-17 also induces cardiac inflammation, hypertrophy, and fibrosis (46, 47) . TRAF3IP2 is a critical intermediate in IL-17 signaling (11, 12) .
Here we have shown that TRAF3IP2 overexpression in male mice resulted in a significant 5.8-fold increase in IL-17A expression in the heart (Table 3) . Thus, increased expression of IL-17A and its signaling intermediate TRAF3IP2 may cooperatively enhance the inflammatory response in the heart. IL-17A also exerts pro-fibrotic effects. It induces cardiac fibroblast proliferation and migration via p38 MAPK and ERK1/2 activation and MKP-1 (mitogen-activated protein kinase phosphatase-1) inactivation (48) . On the other hand, its gene deletion inhibits the onset of myocarditis and progression to inflammatory dilated cardiomyopathy (47) . Furthermore, macrophage/ monocyte-derived IL-17A may induce TNF-␣, IL-1␤, MCP-1, and MMPs, which play a role in adverse cardiac remodeling (49) .
In addition to myocardial hypertrophy, the male Tg mice also developed cardiac fibrosis. Cardiac fibrosis contributes to diastolic dysfunction and serves as an important predictor of heart failure development (33) . It is a progressive process and results from excessive accumulation of extracellular matrix components, including collagens, secreted predominantly by myofibroblasts. Myofibroblasts also express LOX, the collagen crosslinking enzyme. Increased expression of LOX enhances deposition of insoluble collagens that adversely affect cardiac contractility (23) . Of note, LOX activation is increased during adverse cardiac remodeling and heart failure development (23) . Our results showed that the male Tg hearts expressed higher levels of activated LOX. Of note, both collagens and LOX are NF-Band AP-1-responsive genes (50, 51) . Thus, TRAF3IP2 overexpression results in the spontaneous induction of various pro-fibrotic mediators and the development of cardiac fibrosis in the male Tg mice.
Interestingly, the expression levels of these remodeling-associated inflammatory mediators remained either unaltered or down-regulated in the hearts of female Tg mice, suggesting that female sex hormones may negatively regulate TRAF3IP2 expression or its downstream signaling intermediates. In fact, in a recent study we have observed reduced atherosclerotic plaque burden in female Apoe/TRAF3IP2 double knock-out mice fed a Western diet (52) . In another study, TRAF3IP2 was shown to mediate estrogen-deficient osteoporosis (53) , further supporting the hypothesis that female sex hormones may negatively regulate TRAF3IP2 expression via mechanisms yet to be investigated.
In conclusion, this is the first study using a "gain-of-function" approach to investigate the causal role of TRAF3IP2 in adverse 
TABLE 3 Protein Quantibody Array data showing changes in protein levels of various proinflammatory mediators in LV homogenates from 2-month-old male and female TRAF3IP2-Tg mice
Results are expressed as -fold change in the Tg compared to corresponding NTg littermates. Proteins that showed a 1.5-fold change or more are depicted. 1 and 2 indicate up-or down-regulation, respectively. MCSF, macrophage-colony stimulating factor; TWEAK, TNF-related weak inducer of apoptosis; TWEAKR, TWEAK receptor; BLC, B-lymphocyte chemoattractant; MAdCAM-1, mucosal vascular addressin cell adhesion molecule 1; VCAM-1, vascular cell adhesion molecule 1; ␤-FGF, basic fibroblast growth factor; ACE, angiotensin converting enzyme; Ang, angiotensin; ECM, extracellular matrix. Future Perspectives-(i) Because the female Tg mice failed to develop myocardial hypertrophy, we will determine whether ovariectomy elicits a hypertrophic response. (ii) The female Tg mice showed increased TRAF3IP2 mRNA, but not protein expression, suggesting its post-transcriptional or post-translational regulation by female sex hormones. Therefore, we will analyze changes in miRNA and LncRNA profiles in hearts from male and female Tg mice, identify the ones that are differentially expressed, investigate their effects on TRAF3IP2 expression, and determine their therapeutic potential. (iii) Despite myocardial hypertrophy and cardiac fibrosis, the male Tg mice failed to develop heart failure. Therefore, we will determine whether additional stressors such as myocardial infarction will result in earlier decompensation and heart failure development or death. (iv) Because pharmacological inhibitors of TRAF3IP2 are not available yet, we will determine whether silencing TRAF3IP2 in the Tg mice with an Adeno-associated virus, serotype 9-based gene therapeutic approach using a truncated cardiac troponin T promoter that provides cardiomyocyte specificity will blunt development of hypertrophy, fibrosis, and contractile dysfunction. (v) Like cardiomyocytes, cardiac fibroblasts are critical in adverse cardiac remodeling. Therefore, we will determine whether transgenic overexpression of TRAF3IP2 in a cardiac fibroblast-specific manner develops cardiac fibrosis and diastolic dysfunction earlier and progresses to heart failure faster. Our long term goal is to develop small molecule or pharmacological TRAF3IP2 inhibitors and investigate their translational potential in cardiac diseases.
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Experimental Procedures
Animal Studies-All animal studies were approved by the Institutional Animal Care and Use Committees at Tulane University, New Orleans, LA and the Harry S. Truman Memorial Veteran's Hospital/University of Missouri, Columbia, MO, and conformed to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health. Wild type FVB mice were purchased from The Jackson Laboratory (Bar Harbor, ME).
Generation of TRAF3IP2-Tg Mice and Copy Number Determination-Mus musculus TRAF3IP2 cDNA was amplified by RT-PCR using heart RNA isolated from C57BL/6 mice as the starting template. The PCR product was cloned into ␣-MyHC promoter vector ( Fig. 1A ; a kind gift from Jeffrey Robbins, University of Cincinnati, Cincinnati, OH; ␣-MyHC promoter GenBank TM accession #U71441), and the nucleotide sequence was confirmed. The resultant construct of ϳ7.8 kb (Fig. 1B ) was used to generate Tg mice. PCR screening was used to identify the founder animals, and three Tg lines (lines 1, 2, and 3) were generated by breeding the founder mice with wild type FVB mice (The Jackson Laboratory). Line 1 was used in the present study. Transgene copy number was determined by Southern blot analysis using genomic DNA isolated from tail snips and digested with EcoRV and NotI (Fig. 1C) . Genotyping was performed by PCR using genomic DNA isolated from tail snips and the following primers: forward, 5Ј-TGT CTG ATT CAT GGC CAG TGT CAG GAG-3Ј; reverse, 5Ј-CGG CAC TCT TAG CAA ACC TCA GGC AC-3Ј (Fig. 1D) .
Temporal Studies-TRAF3IP2-Tg mice (hereafter referred to as Tg) were bred with wild type FVB mice. The offspring were screened for the transgene by PCR. Naïve Tg mice along with the littermates were investigated for up to 8 months of age. Ageand gender-matched NTg littermates served as controls. Blood pressure was recorded between 9 and 11 a.m. using tail-cuff plethysmography (BP 2000 Blood Pressure Analysis System, Visitech).
Echocardiography-Both male Tg and age-matched littermates (n ϭ 6 in each group) were subjected to transthoracic echocardiography under isoflurane anesthesia using a Vevo 770 high resolution ultrasound system (FUJIFILM VisualSonics, Toronto, ON) with a 30-MHz frequency real-time microvisualization scan head (RMV707). Motion (M)-mode and bidimensional (B)-mode tracings were taken, and the parameters for anatomical alterations in left ventricle (LV anterior and posterior wall thickness, internal diameters at systole and diastole) and function (EF and FS) were evaluated. FS was calculated using the equation %FS ϭ LVEDD Ϫ LVESD/LVEDD ϫ 100, where LVEDD is LV end diastolic diameter, and LVESD is LV end systolic diameter.
In Vivo High Resolution Cine-MRI-Non-invasive MRI was performed on anesthetized mice (1.8 -2.7% isoflurane) using a small bore 7-tesla Bruker BioSpec MRI scanner equipped with a phased array mouse heart coil combined with an 86-mm volume coil (Bruker Biospin Inc., Billerica, MA) (54) . Body temperature was maintained with warm air, and respiration rate was monitored using a small animal monitoring system (SA Instruments, Inc., Stony Brook, NY). A retrospective FLASH SEPTEMBER 9, 2016 • VOLUME 291 • NUMBER 37 JOURNAL OF BIOLOGICAL CHEMISTRY 19433 cine pulse sequence was applied with the following parameters: 1-mm slice thickness and 30 ϫ 30-mm 2 field of views for LV in short-axis images. LV functional parameters were determined using a series of cine images of the LV in short-axis view acquired at 20 equally spaced time points throughout the entire cardiac cycle with a frame rate of 7-9 ms/frame. Five to six short-axis slices were acquired over the whole LV. At each time point, the endocardial borders were traced to measure the LV chamber area for each short-axis slice using Segment version 1.8 R0736 (see Segment at Medviso) software (14) . LV volumes at each phase were calculated as the sum of chamber areas of all slices multiplied by 1 mm of the slice thickness. The systolic and diastolic functions were calculated using a previously established protocol (15) .
TRAFIP2 in Adverse Cardiac Remodeling
LV Chamber Volume and Contractile Function-Mice anesthetized with isoflurane were subjected to in vivo LV chamber volume and function analysis using a Scisense ADVantage TM pressure volume conductance catheter (FTS-1912B; Scisense Inc.) inserted into the LV via the right carotid artery (55) . Data were analyzed using iWorx© Labscribe Instrument software (Dover, NH, USA) (16) .
Cardiac Hypertrophy-In addition to echocardiography and cine-MRI, myocardial hypertrophy was analyzed by (i) heart to body weight ratios, (ii) cardiomyocyte cross-sectional area by WGA staining, and (iii) fetal gene (ANP, BNP, ␤-MyHC) re-expression. Cardiomyocyte size was determined as the mean area of 10 -15 randomly selected cells/field from a total of 8 -10 fields per section.
Cardiac Fibrosis-Fibrosis was characterized by (i) immunofluorescence for ColI␣1 and ColIII␣1 and (ii) Masson's trichrome staining.
Immunofluorescence-A thin midsection of heart was fixed overnight in 4% buffered paraformaldehyde, embedded in paraffin, cut into 4 M-thick sections, and used for immunofluorescence. The following targets were analyzed: (i) TRAF3IP2 using anti-TRAF3IP2 antibody (1:25; #sc-100647, Santa Cruz Biotechnology, Inc.) and Alexa Fluor 488-tagged donkey antimouse secondary antibody (1:400; #A-21202; Thermo Fisher Scientific). Hoechst (1:400; #H-3570, Thermo Fisher Scientific) was used to visualize nuclei. To identify and quantify cardiomyocyte cell size, tissue sections were permeabilized with
